Abstract -Quasielastic neutron scattering methods provide the unique opportunity to investigate dynamic processes of polymer molecules simultaneously in space and time. In particular, in the liquid state information on single chain behaviour is not restricted to dilute solutions but may also be obtained, if an appropriate mixture of protonated and deuterated polymers is used, from concentrated systems, the melt included. 
INTRODUCTION
Due to the flexible chain structure and the related large number of internal degrees of freedom the mobility of polymer molecules in the liquid state exhibits a very complex behaviour /1/. In particular this complexity is determined by the fact that different motlonal processes occur simultaneously on different length and time scales /2/. Roughly, with increasing length and time scales, three types of motion can be distinguished: (I) high frequency local motion to be attributed to conformational changes, (ii) diffusional processes of finite portions of the chains, which can be treated as statistical segments and (Ill) slow overall diffusion of the coil-like polymer molecules. In contrast to the local processes which are strongly determined by the special chemical structure of the monomer units, and In contrast to the coil diffusion which depends on the molecular weight of the polymer, the characteristics of the segmental mobility are most universal, as this type of motion is a consequence of the chain structure of the molecules and thus expected to be largely Independent from both the former mentioned properties.
The universal behaviour of the static and dynamic segmental properties became quite obvious when the analogy between polymer and magnetic systems was pointed out /3/,/4/. In the framework of this concept, It can be shown for example that the transitions from 0.-to good solvent conditions in dilute solutions or the transitions from dilute to semi-dilute solutions under 0-and good solvent conditions exhibit the features of critical phenomena /5/ and can be described as second order phase transitions with smooth cross-over between the different phases (thermodynamic states). Consistently, the segmental diffuslonal processes In the tran.-sition zone have to be regarded as being different with respect to different extensions of the correlation range Instead of being uniform over the whole intramolecular segmental length scale.
B. Ewen
Another theoretical approach to the understanding of the dynamic properties of polymer solutions and melts on a scale of segmental diffusion is based on microscopic models which were initially developed to describe the time and frequency dependence of macroscopic rheological data, e.g. the viscosity of the shear modulus. The most important models are the bead and spring model /6/,/7/ and the tube or reptation model /8/-/11/. All these models provide distinct spectra of relaxation modes related to specific spatial dimension. However, a real test of both microscopic theories requires microscopic experimental methods which allow the relaxation behaviour in space and time to be probed. For these kinds of problems quasielastic light or neutron scattering methods are the best tools since they permit the analysis of the motional behaviour of a system simultaneously In space and time. In particular with the recently developed neutron spin echo technique /12/,/13/ it became possible to measure the spatial correlation function in time domain of segmental diffusion. By this method information on the single chain behaviour is not restricted to dilute solutions but may also be obtained, if an appropriate mixture of protonated and deuterated polymer Is used, from concentrated systems including the melt. This paper will give a review of recent neutron scattering studies on the segmental diffusional processes which occur in different liquid polydimethylsiloxane (PDMS) systems /14/ -/17/. Transitions of the single chain behaviour in the whole range of concentration from the dilute solution to the melt are considered as well as transitions from the single to many chain behaviour in semi-dilute solutions. The aim of this paper Is to demonstrate that this microscopic experimental method is unique for the study of segmental mobility in polymers, to prove the validity of the microscopic models and the applicability of the theory of critical phenomena on dynamic properties of polymers and to judge whether microscopic and macroscopic dynamic data are compatible.
SOME GENERAL REMARKS ON THE QUASIELASTIC NEUTRON SCATTERING EXPERIMENTS
The neutron scattering experiments were performed at the ILL Grenoble using the spin echo The neutron spin echo technique yields directly the coherent dynamic structure factor S(a,t) in the normalized form S(,t)/S(,o), which is Identical with the normalized intermediate scattering function.
is the scattering vector (q = jj= (4ir/A)sinO, A wavelength of the neutrons, 28 scattering angle) and t, the time. The q and time range were O.O2<q/R<O.132 and 1 09<t/s<1 o_8.
where N is the number of segments and r.k(t) and r(o) are the positions of the segments k and j at time t and time zero. The brackets <...> denote the thermal average. In the socalled Gaussian approximation (1) can be written as
jk Thus, to compare the predictions of the microscopic models with the experimental scattering data, <(rk(t) -r(o))2>
has to be calculated for the models. For measurement of the single chain behaviour in dilute and of the many chain behaviour in semi-dilute solutions, mixtures of protonated polymers and deuterated solvents were used. In contrast for the measurements of the single chain behaviour in non-dilute solutions and in the melt the polymer fraction ItDynamics of Chain Molecules by Quasielastic Neutron Scattering 1409 self was a mixture of 5% deuterated and 95% protonated material which, in the case of solutions, was dissolved in an appropriate deuterated solvent so that the scattering contrast be- 0.14<c 1.0).
SEGMENTAL DIFFUSION IN DILUTE SOLUTIONS
The segmental diffusion of polymers in dilute solutions is largely determined by the hydrodynamic interactions which produce a long range coupling between the different chain segments in addition to the direct coupling due to the chain structure of the molecules /20/.
Using the bead and spring model and introducing the hydrodynamic interactions via the Oseen tensor, preaveraged assuming a Gaussian distribution of segments, the relaxation spectrum of 
result in agreement with eq.(3), setting h* = 0.
The coherent dynamic structure factors S(q,t)/S(q,o) (see eq.(2)) have been calculated for the Rouse /22/ as for the Zimm model /23/ in the range ql < 1 < qRg (Rg radius of gyration).
In the limit of long times they can be approximated by
The parameters in (7) are the characteristic frequency in Fourier space 2(q) and the line shape parameter n. The Zlmm model leads to n = 2/3 and 1 kT ---q3 In contrast to these results which are in full agreement with the assumption of dominant hydrodynamic interaction, the absolute values of (q) deviate from the theoretical predictions. exp theo theo
where c2(q) is calculated using the pre-averaged Oseen tensor, values of X=O.88 and X=O.91 are found for 0 and good solvent conditions of the PDMS sample.
Much larger deviations occur in both PS systems mentioned above.
These results indicate that the characteristic frequencies normalized by division with do not follow the universal relation predicted from eq.(8) and have to be modified by polymer specific properties.
In order to incorporate such properties in the Zimm model the hydrodynamic interaction tensor was modified, taking into account that the interaction does not result from infinitely small beads but from beads of diameter 21H 21H hydrodynamic segment length related to the static segment length 1) /28/.
Thus instead of eq. (8) 21 2
is obtained.
Whereas the parameter 21H'1 is found to be small in the case of PDMS 21H'1 = 0.18) it increases considerably for such polymer which, due to larger side groups, are less compact than This discrepancy is explained by taking into account that the reduction of hydrodynamic in.
teractions together with the coil expansion fQund in good solvents may produce Rouse behav iour for the mechanical modul4. Provided that both effects are separated properly, which re quires an additional independent measurement, the dominance of hydrodynamic interaction directly seen from the line shapes of the neutron scattering data, can be deduced from the dynamic mechanical measurements too.
For the quantitative discussion of the dynamic mechanical data 1/t (see eq. (5) The tube model either leads to an exponential scattering law with a very strong q dependence of the corresponding characteristic frequency c21(q) (21(q) " q8) (see eq.(lla)) or to a q in.
dependent, non exponential decay of S(q,t)/S(q,o) as in eq.(llb).
The line shape analysis of the neutron scattering spectra obtained from the PDMS melt /16/ yields n-values between 0.5 and 0.55 (see Fig.4 ), which is consistent with both the Rouseand the tube model. However, if in addition the q-dependence of the characteristic frequencies c(q) is checked, the tube model fails totally, since c2(q) q2 is found. ----tube model with l2,4,(g2 s1"2) = 5.5 x io6 and tube diameter d=40R
The inconsistency between the experimental data and the predictions of the tube model can be seen directly from a scaling graph (see Fig.5 ), where ln[S(q,t)/S(q,o)jis plotted against (ql)2(Wt)1'2/6, which is the universal parameter of the Rouse model. In this presentation all spectra are reduced to a master curve which is expected from the Rouse model, whereas the tube model requires a q-dependent splitting.
The Rouse model is also confirmed by recent Monte Carlo calculations /16/, /37/ (see Fig.5 ).
Other coherent neutron scattering data, obtained from a melt of polytetrahydrofuran /38/, show a similar behaviour as that observed in the PDMS melt. On a length scale, extending to 30R there are no indications that segmental diffusion is restricted by topological constraints.
Assuming Although a lot of problems concerning the dynamics of polymer melts remain unsolved at the moment, the neutron scattering data reveal that the Rouse model is an appropriate description of segmental diffusion in polymer melts on a length scale up to 3OR, even if the critical molecular weight is exceeded.
TRANSITION FROM SINGLE TO MANY CHAIN BEHAVIOUR
As the polymer concentration in a solution is increased above a critical level c, there is a uniform distribution of chain segments. This is defined by
(L Avogadro's constant) and divides the regimes of dilute and semidilute behaviour, 
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• 21% £ 25% With non-scattering methods, e.g. dynamic mechanical relaxation or sedimentation, the transition from single to many chain behaviour can also be observed. However with these techniques the transition is only visible with increasing concentration: scattering experiments offer the additional possibility to investigate this transition by variation of the range of spatial correlation at a fixed concentration in the semi-dilute regime.
In dynamic mechanical measurements, the intermolecular interactions that occur with lncreas.
ing concentration cause a shift of all relaxation times tto larger values. In addition, the ---c No experimental data on the screening of hydrodynamic interactions were previously available to allow us to decide whether the screening is complete for distances larger than the hydro- Assuming that in semi-dilute solutions a complete screening occurs for spatial dimensions larger than (C), unscreened Zimm relaxation (eq. (7) with n=2/3 and eq. (8) for 0/n(c) >> q(c) (19) Throughout these calculations entanglement effects are neglected, since no evidence for them was found even in the melt /16/, where they should be more important than in the present case.
Dynamics of Chain Molecules by Quasielastic Neutron Scattering 1419
The line shape analysis of the quasielastic neutron scattering spectra /17/ obtained at different concentrations between the dilute solution and the melt show clearly that two different cross-over effects occur in the segmental diffusion of single polymer chains as the concentration is increased (see Fig.9 The microscopic parameter to be extracted from the characteristic frequencies c2(q) (see eq.
(9)) is the segmental friction coefficient f divided by the mean square segment length 12.
Its concentration dependence is shown in Fig.11 on a double logarithmic scale. For comparison the values /54/ obtained from the macroscopic viscosity of solutions of PDMS in d-chlorobenzene at T=100C are also plotted. In order to avoid entanglement effects on the viscosity a low molecular weight PDMS (11=7.400) was used. For unentangied polymer solutions the rela.
tion /55/ (20) holds. (R mean square end to end distance, p polymer density).
Although there are systematic deviations between the values of f/i2 determined by macroscopic and microscopic methods, one can see that the concentration dependence of both quantities is given by power laws which are very similar. This result may be taken as further evidence that segmental diffusion in concentrated polymer solutions and melts is unaffected by entanglements in length scales extending to 30R.
CONCLUSION
Quasielastic neutron scattering methods show that segmental diffusion in dilute polymer so-v lution is governed by hydrodynamic interactions as described by the Zimm model. This is true for e and good solvents. However, in contrast to the results of viscoelastic experiments £ Dynamics of Chain Molecules by Quasielastic Neutron Scattering 1421 the neutron scattering data require properties to be incorporated in the Zimm model specific to chemical structure. For polymer melts and concentrated solutions the Rouse model was found to be an adequate microscopic model. There is no indication that segmental diffusion is re stricted by topological constraints on a length scale extending to 30R.
In semi.diiute solutions the transition from single to many chain behaviour was observed.
This transition manifests itself in a change of the scaling behaviour of the characteristic frequencies and in a change of the line shapes. The concentration dependence of the related correlation length was found to be in agreement with dynamic scaling predictions modified to allow for finite chain length.
Investigations on the single chain behaviour in polymer solutions at various concentrations reveal the existence of a double transition. The complex transition behaviour which includes a cross.over from unscreened Zimm to enhanced Rouse and from enhanced Rouse to screened Zimm relaxation, results from incomplete screening of hydrodynamic interactions. For the first time the hydrodynamic screening length c) was determined experimentally.
